ABSTRACT
INTRODUCTION
Paleolimnology is a discipline that is closely related to modern limnology. It involves the study of freshwater and some saline ecosystems in the context of long time sequences that are recorded in sediments. Sediment records reveal changes in limnological conditions that arose during the past because of natural succession, or because of climatic and human influences. Virtually all biological, chemical and physical processes that are studied in limnology leave evidence in sediments, but sedimentary records are subject to information loss because of many factors, including those that affect variable distribution of sedimentary constituents and post-depositional changes (Cohen, 2003) .
Paleolimnological studies typically are deductive, and investigators are separated from direct knowledge of past limnological states by time and the effects of diagenesis. Limnological studies can satisfactorily examine one or few lines of evidence depending on their objectives, but in the historical context, individual lines of evidence are often subject to divergent interpretations. As a consequence, paleolimnology relies on interdisciplinary approaches to compensate for information loss, and to resolve the complexity of differential interpretations about ecosystem changes and driving forces. It is a tenet of paleolimnology that only hypotheses that explain all sets of data can be regarded as true (Pennington, 1981) , so many lines of investigation typically are drawn upon to yield robust and defensible conclusions. The interdisciplinary nature of paleolimnological studies is reflected in frequent use of the term multiproxy in published papers, and that use is so common now that the term is trite. Because of its collaborative nature, paleolimnology is influenced continually by advances in many disciplines.
This paper provides a brief overview of various recent developments in the field of paleolimnology. Paleolimnological advances have been addressed in recent collected works (Pienitz et al., 2009) and in reviews on specific methodologies or topics (Leng and Henderson, 2013) . The present paper is intended to complement those treatments and is written for the broader interests of the Journal of Limnology readers. We are pleased to offer this review on the special occasion of the 75 th anniversary of the Institute of Ecosystem Study (CNR-ISE Istituto per lo Studio degli Ecosistemi) in Verbania Pallanza, Italy.
Ecological questions and theoretical studies
In the rationale for the present volume, the editors observed that modern limnological studies have diverged from the fundamental ecological focus of prominent early limnologists. They noted that much could be done to use lakes as model systems to address advanced ecological questions using the accumulated body of knowledge and contemporary tools. In a similar manner, many paleolim-N o n -c o m m e r c i a l u s e o n l y nological studies have become less theoretical and have focused on fewer topics that are more applied. Since the 1980s, the subjects of most paleolimnological studies have been: i) lake-management questions, and how to document, quantify and correct anthropogenic perturbations such as eutrophication, lake acidification, and comtaminant deposition, and ii) climate change, and how to document and quantify the human component, and distinguish it from natural cycles and processes. These topics became the focus of research and funding mostly after it seemed evident that humans are responsible for substantially disrupting natural cycles, and a large proportion of contemporary papers address how to distinguish human influences from pre-disturbance conditions and natural processes. Paleolimnology is often the only means to assess environmental changes and their causes when longterm instrumental data are lacking .
Few contemporary paleolimnological studies examine biological remains out of direct interest for the organisms, and many studies describe biological and other forms of evidence using the term proxy, viewing them mostly as indirect measures for water-quality variables or processes that often pertain to applied questions. A proxy, in proper usage, is a substitute for a direct measurement or observation, but the term is so overused or generally applied that it's often not clear what variables are being referred to, or for what variables the proxies supposedly provide indirect measurement. The term could be used with more restraint, and its overuse reflects a tendency to view organisms as indicators of environmental conditions rather than subjects of study in themselves. While studies that address theoretical ecology or evolutionary biology (Decaestecker et al., 2007) hold considerable interest, a greater proportion of recent studies have been applied. Some recent studies have continued to address theoretical ecological questions. In an important recent paper, Sayer et al. (2010c) discussed the need to combine paleolimnological methods with contemporary ecological studies to improve our understanding about changes in freshwater ecosystems. The authors demonstrated how misinterpretation of environmental change can occur when a single quantitative variable is inferred. To advance paleolimnological approaches, they advocated for integrated studies of biological groups, with improved knowledge of community and species ecology. Sayer et al. concluded that contemporary field studies, lake surveys, and experiments should be combined more often with paleolimnological studies to promote more reliable conclusions about population-and community-level changes. A long-held perception about ecosystem shifts between macrophyte and algal dominance is that they represent an abrupt change to an alternative stable state (Scheffer et al., 1993) , with a brief, unstable intermediate state. In a modern survey of 39 lakes with seasonally stable or crashing macrophyte populations, Sayer et al. (2010b) showed that community compositional changes and decreased macrophyte diversity were associated with prolonged seasonal phytoplankton blooms. In a subsequent study that addressed stable-state ecological theory, Sayer et al. (2010a) examined plant macrofossil remains, pollen, and diatoms in six sediment cores from a transect across shallow Felbrigg Hall Lake (UK), and they performed an elegant spatial and temporal reconstruction of macrophyte presence and abundance over time. The authors noted that with progressive eutrophication, macrophyte diversity and the number of plant seasonal strategies declined, eventually enabling phytoplankton to outcompete macrophytes during increasingly widening gaps in seasonal macrophyte dominance. Rather than resulting from an abrupt system perturbation, this study demonstrated that decades of subtle but progressive change in macrophyte species composition are responsible for the apparently rapid community shift from macrophyte to algal dominance. Sayer et al. (2010a) Such papers provide timely reminders about the importance of conserving and building on traditional investigative approaches to advance our understanding about ecological processes.
Applied studies
Paleolimnological methods are important tools for assessing changes in water quality and the introduction of contaminants to freshwater systems (Smol, 2008) . The roles of paleolimnological studies in lake management and restoration programs in the European Union , which focused on assessing the extent of human influence on European lakes. Contributions discussed the use of paleolimnology for quantifying human-influenced changes in freshwater ecosystems (Battarbee and Bennion, 2011) , and for defining reference conditions and restoration targets . The use of paleolimnological methods for defining reference conditions and restoration targets for ecological and chemical conditions also was addressed. Bennion et al. (2011b) examined total P inferences obtained from fossil diatom assemblages in nine lakes across Europe, and used modern analog matching methods to identify contemporary reference sites. The study lakes showed a range of slight to major floristic changes over time, for example with Lago Maggiore showing slight change. The improved aspect of this approach is that it utilized ecological information about species and communities rather than reducing all biological data to a single chemical variable that had been predicted with a transfer function. Bindler et al. (2011) addressed metals reference conditions and concluded that in many instances, recent pre-industrial conditions are not an acceptable reference condition because significant anthropogenic metals contamination in Europe can date back to 500-2000 years ago, particularly for lead (Meriläinen et al., 2011) . Cortizas et al. (2013) showed that the greatest Pb deposition in the Asturias region of northern Spain occurred during peak Pb production by the Romans c. 180-340 AD. Battarbee et al. (2011b) examined sediment cores from 121 low-alkalinity lakes in the UK and constructed a pre-acidification typology of lakes that showed 3 main clusters of water quality as indicated by diatom taxa. Rose et al. (2011) examined sediment accumulation rates of dated sediment cores from 207 European lakes to determine how accumulation rates changed in 25-year intervals. Study lakes were grouped with respect to alkalinity, altitude, depth, and area, and about 71% of the lakes demonstrated increased deposition rates over the last 100 years. Foster et al. (2011) used paleolimnological methods to estimate pre-disturbance deposition rates and sediment yield in order to quantify maximum feasible sediment reduction in rivers of England and Wales.
The cumulative findings of many such applied studies are increasingly being collected into databases that provide regional assessment of lake ecosystem changes, the timing of changes, and appropriate reference conditions . These reference studies for EU lakes represent a well-coordinated effort to more effectively characterize lakes of the region, and they will lead to more appropriate lake management decisions. Similar well-coordinated efforts will be needed in the future for less studied areas.
Transfer function models: improvements and qualifications
Applied paleolimnological studies often rely on the creation and application of transfer functions to document historical changes in water quality. Transfer functions have been used widely in paleolimnology for decades, and they have been subject to many statistical advances. Recent studies have compared the performance of models and have examined factors that influence their reliability. Guilizzoni et al. (2011) examined total carotenoid-pigment concentrations in surface sediments of 28 Italian lakes and developed a predictive model for limnetic total P concentrations. They applied this model to sediment cores from four lakes, including Lago Maggiore, and compared P inferences with those obtained from diatombased models. The model based on total carotenoid pigments proved to be less subject to overestimation of limnetic total P than with diatom-based models, but in some lakes a significant macrophyte presence led to a decline in the pigment-based model performance.
Several studies examined the merits of single-site, local, and regional calibration sets for use in developing transfer functions. Kurek and Cwynar (2009) compared performance statistics of models based on these sampling strategies for estimating water depth from chironomids in sediments. They found that a site-specific model predicted modern water depth most accurately, whereas a local model overestimated and the regional model underestimated modern water depths. Engels et al. (2012) constructed a prediction model for water depth based on chironomids using site-specific and local calibration sets. The site-specific model showed the best performance statistics, but the calibration set for that model did not have modern analogs for some fossil samples. Consequently, the model based on the local calibration set was deemed most appropriate. These studies suggest that regional models, which are the most common type in use, might incorporate more sources of variance than are optimal for some prediction variables, or for some reconstruction scenarios.
Recent papers examined factors that affect transfer function performance. Telford and Birks (2011) demonstrated the importance of even distribution of calibration samples along environmental gradients of interest. They found that uneven distribution of samples can result in underestimation of error terms for portions of gradients that have gaps in representation, where species optima will be defined more poorly. The authors also proposed that valid models should explain more variance than is explained by random reconstructions. Heiri and Lotter (2010) studied the effects of taxonomic resolution on the performance of transfer functions for predicting mean Lateglacial July air temperature from chironomid assemblages in a sediment core from Hijkermeer in the Netherlands. Models based on genus level and below performed equally well, but models N o n -c o m m e r c i a l u s e o n l y based on taxonomic levels above genus showed poor performance. These findings suggest that little improvement is gained from detailed chronomid taxonomic resolution, and that moderate levels of taxonomic resolution might provide adequate model performance with greater reassurance of taxonomic consistency among data sets.
Other studies examined the effects of count size on ecological variables, and how calibration set size can affect transfer function performance. Kurek et al. (2010) examined the effect of cladoceran count sizes on species richness and the relative abundances of dominant taxa, and they showed that counts of at least 70-100 individuals were required for accuracy. Reavie and Juggins (2011) explored the effects of training-set size on the performance of diatom-based inference models that predict limnetic total phosphorus. Training sets ranging from ten to several hundred samples from the Great lakes and Minnesota were examined. The authors concluded that at least 40 samples were needed to provide good model performance, and that 40 to 70 samples were required to produce calibration sets that did not leave an unacceptably large number of core samples without analogs.
Limitations of univariate transfer functions, and new approaches
More significant than model refinement, there has been growing concern about the accuracy and appropriateness of transfer functions that predict single variables. The relationships and variances of environmental factors in calibration sets typically differ from those in a sediment core from a single lake, and the effect of covariant influences on inferences can be complex and difficult to assess. Long-term changes in lakes often involve a variety of biological components and processes in both drivers and responses, so models that describe univariate change are conceptually limited. Investigators have long expressed concern that transfer functions neglect more complex aspects of lake response, and recent studies demonstrate the limitations of univariate models, and recommend better integrated approaches. Velle et al. (2010) studied midges as quantitative indicators of temperature change in Fennoscandia, and they examined factors that create bias in inferences. The authors pointed out that calibration sets tend to emphasize long gradients of interest but neglect other explanatory variables, some of which are likely to have interactions with the variable of interest, or might influence species' responses in threshold fashions. This study examined factors that affect the accuracy of inferences, and it recommended the use of multiple lines of evidence and autecological information for interpreting changes in lake ecosystems.
Several studies have focused on ways that single-variable quantitative inferences can be influenced by covariables, and on statistical procedures that are necessary to evaluate the models and species responses. Juggins (2013) showed that fundamental assumptions of transfer functions are not always met, and he used simulated training sets to demonstrate that covariables can lead to spurious inferences of change in variables of interest. In a subsequent paper, Juggins et al. (2013) examined training sets and diatombased calibration models that were developed for total P reconstructions. This study showed that DI-TP can track known changes in P loading, but the study reinforced qualifications about transfer functions by demonstrating limitations related to covariant effects, and the fact that some taxa were not responding to the variable of interest. Recent studies have presented innovative ways of addressing the fact that multiple rather than single structuring forces tend to influence changes in lake communities. Davidson et al. (2010a) showed that both submerged macrophyte abundance and zooplanktivorous fish influence cladoceran communities in shallow lakes of the UK and Denmark, and they developed a multivariate regression tree model that incorporated both explanatory variables. They observed six break points at which fish density and macrophyte abundance influenced significant changes in sub-fossil cladoceran assemblages. The model subsequently was applied to cladoceran assemblages in a sediment core from a shallow lake in England, and it accurately tracked changes in zooplanktivorous fish and macrophyte abundance over a 200-year period . Multivariate regression trees can be more effective at addressing the complex nature of ecosystem changes, and they avoid the often-violated assumption that factors influencing community response were univariate.
Stable isotopes
A recent review of advances in isotope geochemical applications in paleolimnology was presented by Leng and Henderson (2013) . That review reported methodological improvements, including studies dealing with extraction and analyses of specific organic compounds for isotopic studies. In light of the thoroughness of that review, we mention but a few recent isotopic studies that were not covered in the paper. δ 18 O offset of diatom silica from lake water was examined in Lake Annecy, France, to determine the influence of temperature on the offset (Crespin et al., 2010) . Although the temperature coefficient slope was similar to that of other studies, offset differences apparently arose from differences in analytical methods or diagenetic effects, thus demonstrating a need for further study about influences on δ C values reflected the community during stratification, which suggests that C and N isotopes might be subject to different physiological processing within Cladocera. Apolinarska (2013) 
Paleolimnological studies of regional and global climate of the past
In recent years, regional representation of paleolimnological records has expanded considerably. More extensive paleolimnological records now exist for lakes in Asia including China, Russia, South America, New Zealand, Australia, the Arctic, and Antarctic. Lakes in very remote regions of the world have yielded important records for assessing global climate and environmental change (Catalan et al., 2013) . We present summaries of some recent studies to highlight the importance of this work to our understanding about global climate changes.
Recent paleolimnological research in Central and South America has increased our understanding about the influence of El Nino/Southern Oscillation (ENSO) events on paleoclimate, and has helped document the effects of shifts in the position of the Intertropical Convergence Zone (ITCZ) on climate variability. Diatom δ 18 O isotope ratios from laminated sediments of a lake in Chile revealed patterns of dry to wet oscillations during the late glacial/Holocene transition (Hernandez et al., 2010) . These patterns were related to solar activity and ENSO, as well as to changes in strength and position of the Bolivian High. A study of a highland glacial lake in Costa Rica used stable carbon isotopes of n-alkanes from terrestrial plants to examine aridity and rainfall associated with the migration of the ITCZ during the late Pleistocene and Holocene (Lane et al., 2011) . Enters et al. (2010) used multiple lines of evidence (pollen, diatoms, C/N ratios, biogenic silica and δ 13 C) from laminated sediments in southeastern Brazil to describe Holocene precipitation patterns, and to assess how changes in terrestrial vegetation influenced erosion, nutrient inputs, and ultimately lake productivity. A 43-ka record of δ 13 C and δ 18 O values from ostracod shells in sediments of Lago Petén Itzá, Guatemala documented linkages between neotropical climate and the influx of fresh water into the northern Atlantic and Gulf of Mexico due to meltwater events, and it provided evidence for a tropical megadrought between 19-15 ka BP (Escobar et al., 2012) . Slate et al. (2013) documented how the southern migration of the ITCZ during the Holocene, together with volcanic and tectonic activity, influenced lake levels and trophic conditions in Lake Nicaragua. Recent studies in Asia investigated ENSO activity, the migration of the ITCZ, as well as the influence of the southern westerlies on regional climate. Rodysill et al. (2012) used calcite and δ 13 C of organic matter from a lake in Indonesia to describe decadal-and century-scale variation in wet and dry cycles, and their relationships to ENSO activity, Walker circulation patterns, and the southern migration of the ITCZ. used pollen records to describe changes in vegetation communities during the late Quaternary of NW China, and they presented evidence of regional variation in temperature and aridity during the Last Glacial Maximum (LGM). Diatom and isotope records from Lake Pupuke, a maar lake in New Zealand, documented variability in seasonality and precipitation during the late Quaternary and Holocene related to position and strength of the southern westerlies and to ENSO activity (Stephens et al. 2012b ). In the remote southern Atlantic, a late Holocene diatom record from Tristan da Cunha revealed increases in precipitation and catchment erosion to shifts in the southern hemisphere westerlies (Holmgren SU et al., 2012) . Diatom and phytolith records from Mozambique documented lateHolocene water-level fluctuations in an interdunal lake in response to changes in tropical and mid-latitude circulation patterns .
Recent Arctic studies extended high-latitude paleoclimate records and described long-term patterns of climatic variation. A LGM record from Alaska based on chironomids, cladocera, pollen and geochemistry documented how increases in Alnus occurred in the watershed in response to temperature shifts, and how increased denitrification of soils led to greater nitrogen influx and lake productivity (Kaufman et al., 2012) . Anderson et al. (2012) examined the late Pleistocene/early Holocene climate in SW Greenland using cores collected along a gradient from maritime to the dry interior. Mineral and carbonate accumulation records suggested that inland sites were more sensitive to variability in climate than coastal lakes. Luoto (2013) used chironomid assemblages to construct a regional temperature curve for the Little Ice Age in eastern and southern Finland. Lake records from Denmark recorded the 8.2 ka cooling event and its influence on regional climate (Bjerring et al., 2013) . In the lowlands of northern Germany, varved lake sediments revealed shifts in primary producer communities in response to variations in the North Atlantic Oscillation, solar activity, and temperature (Zahrer et al., N o n -c o m m e r c i a l u s e o n l y 2013). A sediment core from Lake Ohrid (Albania, Macedonia), the oldest extant lake in Europe, provided a 136-ka record that showed evidence of the evolution of the Mediterranean climate, and that detailed late glacial/interglacial changes in temperature and moisture (Vogel et al., 2010) . Scussolini et al. (2011) used diatom, algal, and macrophyte remains in sediment cores to interpret the influence of the Little Ice Age and the Medieval Climate Anomaly on Lake Montcortes in the Iberian Peninsula. In North America, recent paleoclimate records extended our understanding about of regional variation in the Late Glacial/Holocene climate, and about the influence of the Medieval Warm Period on water availability within middle and western continental areas (Galloway et al., 2011) . Recent studies also documented the occurrence and variability of the Pacific Decadal Oscillation and its influence on precipitation patterns (Kirby et al., 2010) . Grain-size analysis of sediments from the northeastern US provided evidence about paleostorm activities during the Holocene, which were related to shifts in polar and tropical air-mass movements (Parris et al., 2010) . A high-resolution late Pleistocene record from Nova Scotia documented climate variation during the Allerød warming, the Younger Dryas cooling, and the 8.2 ka cooling events (Lennox et al., 2010) .
The expanded geographical distribution of paleolimnological records provides better understanding about mechanisms influencing global patterns of climate change. It also contributes to knowledge about regional and localized responses that will be important for forecasting the impact of future climate change on terrestrial and aquatic ecosystems.
Studies reveal how climate change affects lake processes
Many paleolimnological studies reveal information about how lake processes are altered by climate change and climate variability. Biological, chemical, and geological data recovered from undisturbed sedimentary sequences are useful for interpreting how changes in precipitation, temperature, and atmospheric circulation have impacted watersheds and lake basins.
Recent paleolimnological studies examined how climate changes affected hydrology and lake water levels (Lennox et al., 2010; Scussolini et al., 2011; Turdryn et al., 2013) . Lake evolution and development were examined in the context of changing climate regimes (Väliranta et al., 2011; Kaufman et al., 2012; Terasmaa et al., 2013) . Recent studies reported changes in stratification and mixing patterns in response to climate change (Lennox et al., 2010; Kaufman et al., 2012; Gallaway et al., 2011; Heyng et al., 2012; Stephens et al., 2012a) . Shifts between wet and dry climate cycles were shown to cause changes in erosion and sedimentation patterns (Vogel et al., 2010; Holmgren SU et al., 2012; Bjerring et al., 2013) . Studies examined the influence of climate on organic matter sources (Heyng et al., 2012) , on primary productivity, and on eutrophication (Kaufman et al., 2012; Vogel et al., 2010; Stephens et al., 2012a; Scussolini et al., 2011; Zahner et al., 2013) . Galloway et al. (2011) reported the effects of climate change on lake salinity in British Columbia based on diatom and pollen evidence. Paleoclimate studies in Antarctica reported variation in diatom succession in lakes that formed within the same glacial basin but were separated during the Holocene due to lowering water levels (Konfirst et al., 2011) . Paleoclimate studies also documented short-term events such as paleofloods or paleostorms that had important influences on within-lake sedimentation and hydrology (Parris et al., 2010) . Several European studies illustrate how paleolimnological research increases our understanding about the complex influences that climate has on lake communities, and how it can be used to predict aquatic responses to climate changes. Väliranta et al. (2011) used biological and geochemical evidence to examine the Holocene development of Lake Kipojärvi, a boreal lake in northern Finland. Changes in species richness in diatom and cladoceran communities were a response to reduced nutrient input from the watershed during midHolocene dry intervals, which led to decreased aquatic macrophyte abundance and diversity, and reduced habitat availability. Their study reinforces the importance of understanding lake and watershed linkages for predicting the impact of future climate change on lake ecosystems. Bjerring et al. (2013) described changes in Lake Sarup, Denmark in response to the 8.2 ka cooling event. Stable isotope records suggested that water levels decreased around 8.4 ka BP, and inorganic matter accumulation rates increased because of erosion of marginal sediments, which led to increased turbidity, reduced nutrient influx, and changes in algal and macrophyte assemblages. Changes in community structure during this event were more strongly linked to hydrological changes than to temperature influences. Because climate models for Europe project both higher temperatures and greater winter precipitation in the future, lake managers will need to address ecosystem responses that are linked to hydrological changes. Nevalainen and Luoto (2012) examined the influence of post-Little Ice Age warming on chironomid and cladoceran communities in Lake Oberer Landschitzsee in the Austrian Alps. They documented complete species turnover in planktonic and benthic invertebrate communities in response to changes in benthic habitat quality, increased stratification, higher water temperatures, and productivity. One planktonic cladoceran species that typically is absent from alpine areas colonized the lake and became the dominant taxon in recent years. Land-use activities, such as pasturing, probably increased erosion and nutrient inputs during the late Holocene Paleolimnological studies in recent years have advanced our knowledge about how climate can affect lake hydrology, chemistry and biology, as well as watershed vegetation and soil processes. Holocene records often document both climate and anthropogenic influences, so they are useful for understanding how both factors work in conjunction to influence limnology. The emergent insights will prove important for better-informed lake management decisions in the future.
Recent developments in dating sediment deposits
Paleolimnological studies require good dating control to establish reliable chronologies of biological, environmental or climate change. Si is a cosmogenic isotope with a half-life of ~144 years that is incorporated into siliceous remains of organisms in lakes. Morgenstern et al. (2013) used 32 Si dating to establish a ~1000-yr chronology for a sediment core recovered from Lake Baikal, and established sedimentation rates that were not possible with other radiometric dating approaches.
32
Si has the potential to provide dates for time periods or for conditions that are not feasible for 210 Pb and 14 C approaches. Optically stimulated luminescence (OSL) is another dating method that is becoming more widely used and available. Lee et al. (2011) applied the OSL dating approach to late Pleistocene sediments from Lake Ulaan in southern Mongolia, and they compared bulk radiocarbon and OSL dates for this sequence. While they found some agreement between radiocarbon and OSL dates, radiocarbon ages appeared too old in portions of their record, likely due to the introduction of old carbon from eolian processes. The authors suggested that OSL might be a superior dating approach for lake sediments that are influenced by detrital carbonate or old carbon of eolian origin. 210 Pb models continue to be one of the most frequently used approaches for dating lake sediments, and for providing ~100-yr chronologies in studies that document recent environmental or climate changes. 210 Pb models can not be used in all situations, however, especially where sedimentation is highly variable or episodic, and or where excess 210 Pb might have been introduced from the watershed. Abril and Gharbi (2012) examined non-ideal deposition scenarios and identified factors that can adversely influence model performance and estimation of sedimentation rates. Abril (2011) presented numerical approaches for using bulk density profiles to provide information about sedimentation rates, and to help validate 210 Pb models.
Paleolimnological lessons regarding aquatic food webs
Fossil invertebrates, such as Cladocera or phantommidges, can be used to document trophic cascades, and to understand the influence of factors such as alkalinity, pH, hypolimnetic oxygen concentrations, and macrophyte cover on trophic relationships. Fossil invertebrate remains reveal information about food-web structures, predatorprey dynamics, and they are useful for investigating the influence of invertebrate competition and predation on zooplankton size structure (Alexander and Hotchkiss, 2010) . Invertebrate remains have been used to document the presence or absence of fish, often for specific fish families (e.g., Cyprinidae), to identify changes in fish planktivory, and to examine keystone fish predation (Palm et al., 2011; Tolonen et al., 2012; Twining and Post, 2013; Labaj et al., 2013) . The use of these fossils to address aquatic trophic-web questions often relies on contemporary limnological information about zooplankton community structure in lakes with and without fish. For example, Tolonen et al. (2012) used modern and fossil phantom-midge data to derive Chaoborus-based regression models for small Swedish lakes, and to reconstruct past changes in fish biomass and density. Their study demonstrated the usefulness of certain chaoborid taxa as indicators of limnological conditions, such as basin morphometry and water transparency. Strock et al. (2013) used cladoceran ephippia, fossil sedimentary algal pigments, and fossil diatoms to understand the influence of white perch (Morone americana) introduction on oligotrophic lakes in Maine. They documented decreases in algal productivity and increases in zooplankton size that they attributed to trophic cascade interactions related to predation by a generalist fish species. Rawcliffe et al. (2010) utilized limnological and paleolimnological approaches to reconstruct historical food webs in shallow lakes. Using cladoceran surface-sediment assemblages, stable isotopes and gut contents from a variety of trophic levels within their study lakes, they described modern food web nodes and linkages, and calculated linkage density and connectance. They applied these modern analogs to core samples from a eutrophic lake and demonstrated that this approach could be used to document past food web community composition, to infer historic linkages, and to assess long-term changes in food web structure and function. Kurek et al. (2012) used fossil chironomids to assess pre-industrial hypolimnetic oxygen concentrations in a series of lakes in Nova Scotia, Canada to determine if there was evidence of declining water quality that might have impacted brook trout (Salvelinus fontinalis) populations, as suggested by contemporary limnological data. Fossil data showed evidence of stable chironomid assemblages since pre-indus- These studies highlight the importance of using paleolimnological data in conjunction with modern limnological sampling to address concerns about changes in water quality and food web structure.
Novel applications of paleolimnological records to population-, community-, and ecosystem-level questions
As paleolimnological techniques are refined, they are being applied in interesting and novel ways. Brooks et al. (2012) compared chironomids, diatom-inferred limnetic total P concentrations, sedimentary algal pigments, and climate data with past census data for Podiceps auritus (Slovonian grebe) in an attempt to understand the causes for recent changes in bird population sizes. Chironomid abundance varied with lake productivity, and the results suggested that fluctuations in breeding success might be linked to resource availability for Grebe chicks.
Coprophilous fungal spores in lake sediments have been used to document historic changes in livestock abundance in watersheds. Etienne et al. (2013) examined fossil spores in a series of sediment cores from a lake in the French Alps and compared spore data to historic records of sheep density within the surrounding watershed. Their results suggested that coprophilous fungal spores can track changes in livestock abundance, but they caution that the application of this method is sensitive to core site location. Fungi also have been used as evidence of episodic weather events. Van Geel et al. (2013) used ascospores from Kretzschimaria deusta, a parasitic fungus of beech trees (Fagus sylvatica), to document discrete rainfall events in late-Holocene laminated sediments from Germany. They hypothesized that the ascospores, although generally not abundant in sediments, increased at discrete points in the sediment record because of stormwater runoff and winds that introduced material from the surrounding forested watershed into the lake.
Fossil algae, particularly diatoms and chrysophytes, have long been used to document changes in water quality and lake habitat availability. Recent studies of Pediastrum spp. evaluated their usefulness for interpreting past changes in the water level of lowland tropical lakes. Whitney and Mayle (2012) examined open-water and macrophyte-associated Pediastrum species in sediments of a lake within the Pantanal of Brazil, and they suggested that Pediastrum community-level shifts might be useful for documenting changes in precipitation and lake-levels. Weckstrom et al. (2010) used Pediastrum species composition in sediment cores to interpret environmental changes in subarctic lakes. Their study noted that Pediastrum abundance was best explained by dissolved organic carbon (DOC) and pH variation. Nevalainen et al. (2011) examined the influence of environmental stresses, such as lake acidification and cultural eutrophication, on reproduction in chydorids (Cladocera) in several Finnish lakes. Sedimented ephippia were used as evidence of past sexual reproduction, and related to increasing aluminum from atmospheric pollution and to inferred limnetic total P concentrations. Sexual reproduction increased as water quality declined, and the authors concluded that environmental stress increases sexual reproduction because it promotes genetic heterogeneity and population persistence.
Waterfowl populations serve as a source for nutrients in lakes, and they can impact trophic relationships and macrophyte community structure. Reflectance spectroscopy has been used recently to infer historic bird population sizes by analysis of the spectral signature of bird guano in sediments. Liu et al. (2011) used spectral analysis to reconstruct penguin population sizes from evidence in sediment cores that represented a 3000-yr record from Antarctic lakes. Decreased population sizes were related to periods of low precipitation and temperature. This approach might prove increasingly useful for studying lakes that receive significant guano inputs, and for relating fluctuations in bird populations to changes in lake productivity and trophic structure.
Fossils from lake sediments have been used to examine temporal patterns in coevolution between host and parasites. In a unique study, Decaestecker et al. (2007) recovered dormant Daphnia magna eggs from different depths in a sediment core from a shallow pond in Belgium. The authors hatched Daphnia clones, and isolated a bacterial endoparasite from the clones. They exposed Daphnia clones from different time periods to endoparasites that were recovered from hosts at different points in time. Infection was highest for hosts exposed to contemporary parasites, but was lower for parasites isolated from past and future populations. The authors suggest that parasites were closely tracking contemporary hosts, and rapidly evolving to successfully infect host populations. These results are consistent with the concept of antagonistic coevolution, and provide empirical evidence for the Red Queen hypothesis, and for reciprocal evolutionary dynamics.
The use of genetic markers in sediment studies
Several recent studies have explored the use of sedimented genetic markers as indicators of change in communities or in single species over time. Epp et al. (2010) examined DNA molecular evidence for tropical rotifers in the genus Brachionus in a sediment core from Lake Sonachi, Kenya and from surface sediments of other lakes in the East African lake System. This study showed that despite short-term environmental variation in this lake and presumed population fluctuations, one haplotype of Branchionus dominated over a long-term period, probably as a result of repeated reintroduction from resting stages in N o n -c o m m e r c i a l u s e o n l y surface sediments. Subsequent transitions were associated with introduction of volcanic ash, and with low water levels in the 1940s. Fernandez-Carazo et al. (2013) examined pigments and genetic markers of cyanobacteria in sediment cores from two maritime lakes in Antarctica. This study showed the utility of fossil DNA for reconstructing long-term patterns of cyanobacterial community composition. The study also provided caveats that markers can be influenced by selective degradation, which can vary by species or genus, or be influenced by the presence of akinetes or cellular enzymes.
Copepods are often prominent members of the zooplankton in lakes, but they do not leave fossilized exoskeletons in sediments. Makino et al. (2013) used a novel approach to examine historical changes in copepod communities in Japan. The authors extracted ribosomal DNA from calanoid copepod diapausing eggs, and created a 28S rDNA regional sequence library. This study demonstrated that the nc28S region could be used as a marker for distinguishing different calanoid species in surface sediment from lakes.
More limnological studies are needed as the range of paleolimnological research expands
Paleolimological research is expanding to remote lake sites, and into geographical regions that possess limited limnological records. Climate-change research, among other factors, has provided stimulus for greater geographical coverage. Many remote lakes, such as those on ocean islands or in mountainous regions, lack detailed limnological studies. Remote lakes are sometimes visited on one or two occasions for sediment coring, and some lakes have been sampled only once or sporadically for aquatic organisms or water chemistry. With such paucity of information, little might be known about local lake processes, or about factors that influence how processes change on a seasonal or annual basis. Edward S. Deevey, Jr. pointed out during the discussion following the Smol (1990) review for the Istituto Italiano di Idrobiologia di Pallanza Jubilee Conference that most limnologists work in temperate areas, and that is still true today. In doing so, investigators can carry biases to other areas about how lake ecosystems are structured and function.
Factors such as biogeography and climate can be responsible for differences in lake processes and sediment records among regions. As an example that is familiar to the present authors, shallow subtropical lakes of Florida and tropical lakes of central and South America have biological seasonal cycles, mixing patterns, heat budgets, karst hydrological influences, and deposition patterns that vary considerably from northern lakes, and taxa might have different ecological niches and physiological constraints than they do in temperate regions. These differences have important influences on aquatic succession, seasonal events, community structure, as well as biogeochemical cycling, and the lakes might not be subject to the same processes and responses that are expected by investigators from temperate regions. Regional differences can present a challenge when investigators interpret sediment records, particularly if preconceived ideas about processes are brought to new study areas. Consequently, more limnological research in understudied areas will help paleolimnologists interpret changes in sediment records more effectively.
CONCLUSIONS
Recent paleolimnological studies call for greater integration of paleolimnology with modern ecological and experimental studies. More ecological information is needed to accurately interpret paleolimnological results, and paleolimnology provides time perspectives that enhance contemporary studies. There is considerable need in both the limnological and paleolimnological disciplines to renew interest in aspects of theoretical ecology, including topics related to food webs, population and community concepts, and ecosystem-level questions. Recent investigations have focused on how to construct better calibration sets and transfer functions, but there is growing consensus that it is important to consider ecological information from several lines of evidence rather than to reduce all information to a univariate water-quality inference. This is particularly important when defining reference conditions, because inappropriate restoration targets might prove unachievable. Paleolimnological studies increasingly show that lake responses to climatic and human influences are complex, multidimensional, and often indirectly mediated through watershed processes. In some instances, changes have been more profound than what might be anticipated from an apparently simple driver, and some lakes fail to recover fully. Insights about responses to future climate change will need to be projected into lake management decisions. As paleolimnological studies expand in range and intensity, the geographic range is sometimes expanding faster than adequate understanding about limnology, particularly on remote ocean islands, in the subtropics and tropics, and in high-altitude and high-latitude regions. We see the need for additional research as both a challenge and opportunity for the field of limnology.
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